Objectives-The purpose of this study was to use transcranial 2-and 3-dimensional sonography with the Virtual Organ computer-aided analysis (GE Healthcare, Milwaukee, WI) technique to observe the morphologic characteristics of the hippocampal formation and to analyze its correlation with the corrected gestational age.
T he hippocampus plays a primary role in procedural memories. It is regarded as the key structure for memory acquisition and consolidation. 1 It is also key to the pattern separation and pattern completion processes. 2 An abnormal hippocampal structure was observed in a variety of nervous and mental diseases. 3 Magnetic resonance imaging (MRI) is frequently used to capture the hippocampal formation and to quantitatively measure its diameter and volume, and it has supported the clinical diagnosis and prognosis, evaluation of clinical efficacy, and prediction of the clinical outcome. 4 However, both sonography and MRI could not give a clear picture of the hippocampus when the location of the fetus and imaging quality were not proper during the fetal stage. Virtual Organ computer-aided analysis (VOCAL; GE Healthcare, Milwaukee, WI) is powerful software that can be used to assist tissue organ analysis. It can provide a detailed image of the external surface of an object. This technique has been used in the assessment of the yolk sac 5, 6 and heart. 7 The purpose of this study is to assess the value of transcranial sonography for measuring the hippocampal formation. The correlation between the corrected gestational age and the diameters of the hippocampal formation was analyzed by detecting the hippocampal formation in neonates.
Materials and Methods

Study Participants
This study was approved by the Children's Hospital of Fudan University Institutional Review Board. The participants were collected in our hospital from June 2013 to December 2014. The inclusion criteria of the patients were as follows: Mothers had regular menstruation and an exact date of last menstruation. No abnormities were observed for thyroid function, blood sugar, and Down syndrome screening results during the pregnancy. No structural abnormalities were observed on sonography, including the central nervous system in the fetuses. All participants had singleton gestations. The corrected gestational age was calculated from the sum of the gestational age at birth and days from birth. A total of 183 neonates were included in our study.
Examination Method
All neonates had a sonographic examination 3 to 7 days after birth with GE Voluson 730 expert color Doppler diagnostic equipment, a 2-dimensional (2D) convex transducer at a frequency of 2-5 MHz, and an E8.RAB4-8L 3-dimensional (3D) convex transducer at a frequency of 4-8 MHz. The transducer was placed at the anterior fontanel of the neonates. Organic pathologic disorders in the intracalvarium were detected by a conventional 2D scan of the coronal and sagittal planes. Subsequently, the 3D function of the instrument was used for sampling. The sampling frame (including the entire hippocampal formation) and instrument parameters were adjusted, and the volume function was initiated for image acquisition and storage. The procedures of the VOCAL technique were as follows: The plane with the maximal diameter (plane A) was used as the principal plane, with a rotation angle of 308. The curve of the hippocampal formation was drawn manually, and angle rotation was performed for each plane. The images obtained were input after measuring 6 times. Then a 3D reconstruction image of the hippocampal formation was automatically generated by the VOCAL software, and the hippocampal formation volume was calculated by an automatic accumulated integral. The mean value was calculated from 3 replicates of measurements for each sample.
Statistical Analysis
The SPSS version 16.0 statistical software package (IBM Corporation, Armonk, NY) was used for data analysis. Data were expressed as scatterplots or means 6 standard deviations. The correlations between the corrected gestational age and long diameter, short diameter, perimeter, area, and volume of the hippocampal formation were all analyzed by a Pearson correlation analysis: Z 5 (Y -y)/SD, where Y denotes the measurement value from sampling, and y represents the mean value from sampling. P < .05 is considered statistically significant.
Results
Morphologic Characteristics of the Hippocampal Formation
The display rate was 100% for detecting the neonatal hippocampal formation by transcranial sonography. The hippocampal formation is a complex structure consisting of the hippocampus (also known as the Ammon horn), dentate gyrus, subiculum, and fimbria of the hippocampus. The head of the hippocampus is wide and large, with an oblate body and a small tail. Transcranial sonography of the sagittal plane of the lateral ventricle posterior horn revealed that the hippocampal formation was located within the middle cranial fossa, deep surface of the cerebral ganglion, basal nuclei, and ventriculus lateralis. The section in the ventriculus lateralis was characterized by a large head, long body, and small tail which could be regarded as a typical hippocampus shape (Figure 1A) . The long diameter, short diameter, and perimeter of the hippocampal formation could be detected by 2D sonography (Figure 1, B and C) . The volume could be measured by 3D sonography using the VOCAL technique ( Figure 1D ).
Parameters in Healthy Neonates
The values for each diameter in healthy neonates are shown in Figure 2 . The Z values of the hippocampal formation diameters were all normally distributed. (Figure 3 ). By contrast, the correlation between the short diameter and the corrected age was not statistically significant (r 5 0.541; P 5 .0560).
Correlation Between the Parameters
and Corrected Age A Pearson correlation analysis was performed to evaluate the correlation between each hippocampal formation parameter and the corrected gestational age. The results revealed that the long diameter (r 5 0.781; P 5 .0016), perimeter (r 5 0.698; P 5 .008), area (r 5 0.776; P 5 .0018), and volume (r 5 0.691; P 5 .0089) of the hippocampal formation were all positively correlated with the corrected gestational age
Discussion
The hippocampal formation is a primary component of the central nervous limbic system. The limbic system plays a pivotal role in the interaction between multiple cerebral functions, 3 and it participates in memory, emotional reactions, and nerve reflection of certain organs. 8 Structural abnormalities may affect the development of the hippocampus; thus, measurement of the hippocampal volume could be used in clinical diagnosis.
Two-and three-dimensional sonography can be used to observe the development of each cerebral sulcus of the embryo. [9] [10] [11] [12] During the period between birth and infantile fontanel closure, transcranial sonography can display intracranial internal structures, including the hippocampal formation, which is a unique advantage of sonography. 13 As a convenient and minimally invasive technique, transcranial sonography has been widely applied to the diagnosis of neonatal ischemic and anoxic encephalopathy, intracerebral hemorrhage, and intracranial structural abnormalities.
14 Detection of the hippocampal formation by sonography could give an assessment of fetal hippocampal development in premature neonates 12 ; however, to our knowledge, no study about the hippocampal formation in fetuses and neonates was reported previously. In this study, each diameter of the hippocampal formation was positively correlated with the corrected gestational age in the sequence of short diameter, with the lowest degree of correlation, area, long diameter, and perimeter, followed by volume, and with the highest degree of correlation. Among them, the lowest correlation between the short diameter and gestational age probably resulted for the following reason. Although the mean value was calculated from repeated measurements, the short diameter of the hippocampal formation was relatively small, which led to the maximal measurement error. The area, long diameter, and perimeter were directly measured by 2D sonography. Measurement of the area was most dependent on the display of the entire plane. Conventionally, volume measurement by MRI is based on postprocessing of the 3D reconstruction. 15 In our study, transcranial Doppler 3D sonography with the VOCAL technique was used to quantitatively measure the volume of the hippocampal formation, which has not been widely reported. The volume had the highest correlation with the corrected gestational age. In previous studies, the hippocampal volume was regarded as an important parameter for evaluation of development and function. 16 Therefore, 2D transcranial Doppler sonography in combination with 3D sonography using the VOCAL technique can resolve MRI's limitations, which provides more opportunities for early diagnosis of relevant diseases. 17, 18 For example, hippocampal volumes are associated with the degrees of depressive disorders. The hippocampus of depressed patients who attempted suicide was smaller than that of depressed patients without suicide attempts. 19 Hippocampal volumes could also possibly be used to predict a lower response to treatment with antidepressant drugs. 20 A reduced hippocampal volume was also observed in patients with problematic alcohol use. 21 An accelerated agedependent hippocampal volume loss occurred in patients with Parkinson disease who had mild cognitive impairment. Structural imaging of the hippocampal region could help identify these patients at an early stage, and early treatment could be performed to delay the clinical onset of dementia. 22 An assessment of the parameters of the hippocampus could help in the diagnosis of related diseases and the efficacy of treatment.
Unlike in adults, the volume of the hippocampal formation in neonates increased over the corrected gestational age. The standard Z value is used to determine the normal range. 23 The Z value mainly functions to identify the sampling position in a normally distributed population as follows: A Z value of greater than 0 represents 50% of the sampling, and a Z value of -2 or less or 2 or greater denotes that the sampling exceeds the 95% confidence interval, which is defined as an abnormality in clinical settings. Therefore, the Z value is calculated from the following equation: (measurement valuemean)/standard deviation. The Z value reflects the multiple of the standard deviation. Excessive deviations in raw data can be corrected. This method has been applied by multiple scholars in the field of pediatric medicine research. 24 In this study, 62 was regarded as the critical point of the Z value and the confidence interval of the normal range of each parameter. A subsequent follow-up will be conducted. More abnormal cases will be recruited and analyzed to validate the validity and specificity of the reference range.
The corrected gestational age was similar to the actual gestational age at birth (the measurement was performed within 3-7 days after birth). However, this similarity was not equal to the hippocampal formation, each diameter in the fetus, and gestational age at birth. During the fetal stage, the display of intracranial structures was affected by the fetal position and imaging quality. The shape of the hippocampus was irregular, which was difficult to display. Measurement errors still occurred. Neonates of different gestational ages were recruited for measurement, with the aim of providing evidence and references for prenatal research. In addition, the observation time after birth was limited. If the observation time was prolonged, the understanding of the corrected gestational age, hippocampal formation, diameter, nervous system, and hippocampal function of neonates and their relationships would be deepened.
In conclusion, transcranial sonography can enable continuous observation and monitoring of the growth and morphologic changes of the hippocampal formation during the fetal stage, which guarantees the continuity of research. The conventional diameters of the hippocampal formation in healthy neonates at 32 to 43 weeks' corrected gestational age suggests that transcranial sonography could be useful for displaying the hippocampal formation. It could potentially be applied to clinical diagnosis, dynamic follow-up, and evaluation of clinical efficacy in the future.
